The proper function of many tissues depends critically on the structural organization of the cells and matrix of which they are comprised. Therefore, in order to engineer functional tissue equivalents that closely mimic the unique properties of native tissues it is necessary to develop strategies for reproducing the complex, highly organized structure of these tissues. To this end, we sought to develop a simple method for generating cell sheets that have defined ECM/cell organization using microtextured, thermoresponsive polystyrene substrates to guide cell organization and tissue growth. The patterns consisted of large arrays of alternating grooves and ridges (50 mm wide, 5 mm deep). Vascular smooth muscle cells cultured on these substrates produced intact sheets consisting of cells that exhibited strong alignment in the direction of the micropattern. These sheets could be readily transferred from patterned substrates to non-patterned substrates without the loss of tissue organization. Ultimately, such sheets will be layered to form larger tissues with defined ECM/cell organization that spans multiple length scales.
Introduction
The structural organization of cells and extracellular matrix (ECM) in native tissues is crucial for proper function, particularly in load-bearing and muscular tissues [1] . Therefore, as the field of tissue engineering matures and begins to move towards creating larger, more complicated tissues and organs, the need arises to develop strategies for growing tissues with precise structural features that can be controlled over multiple length scales. Currently, many popular approaches to tissue construction employ isotropic scaffolds or substrates that do not possess any specific organizational cues to guide tissue development, resulting in tissues that rarely possess the structural properties of the native tissues that they are designed to replace. For example, this is the case for arterial tissue, where the development of a functional tissue engineered artery that possesses the unique, anisotropic mechanical properties of the native vessel remains elusive [2] [3] [4] . This is due, in part, to the difficulty in adequately mimicking the structural organization of the artery wall, which derives its properties from its complex organization of matrix proteins and cells [5] [6] [7] . The medial layer of the artery wall is believed to be the principal load-bearing layer and is composed of alternating layers of smooth muscle cells (SMCs) embedded in collagen and elastin lamellae. The collagen and SMCs are arranged in a helical pattern around the circumference of the vessel, with the direction of the pitch alternating between successive layers [8] . This helical arrangement not only provides enhanced circumferential load-bearing properties to the tissue, but also imparts torsional stability. Furthermore, this arrangement of the SMCs allows for more efficient control of vessel tone (which in turn dictates blood pressure and shear stress) as this configuration leads to SMC contraction that primarily results in a reduction of the vessel lumen diameter rather than its length. Attempts to specifically engineer such organization into tissue engineered arteries have met with differing degrees of success. While biopolymer-based tissues have been shown to possess the proper alignment of matrix components [9] [10] [11] and exhibit mechanical anisotropy [12] , their overall mechanical properties are not sufficient for implantation [13] . On the other hand, tissue engineered grafts made solely from cell-secreted ECM, using a ''self-assembly'' or cell sheet-based approach, could support high burst pressures and have shown success in vivo, yet lacked the desired organization [14] . However, further refinement of this approach using static mechanical load to align matured cell sheets has resulted in tissues with the desired cell/matrix organization and mechanical anisotropy [15] . These results are extremely encouraging, however, this method requires increasing the already lengthy incubation time in order to generate such organization.
Cell sheet engineering has arisen recently as an attractive approach to tissue engineering. In this approach, confluent cell cultures are harvested from a variety of substrates as intact, tissue-like sheets consisting of the cells and their associated extracellular matrix (ECM) [16, 17] . These sheets can then be used individually or layered/rolled to create tissues of larger size or with defined laminar organization. In particular, cell sheet engineering using thermoresponsive cell culture substrates has enabled this approach to be extended to a wide variety of tissue types and therapies [17] . Tissue culture dishes treated with a thin layer of the thermoresponsive polymer poly(N-isopropylacrylamide) (PIPAAm) can support cell adhesion and growth at 37 C (where the PIPAAm is hydrophobic) [18] , while lowering the temperature below its lower critical solution temperature (32 C) causes the polymer to become hydrophilic and swell [19] . This swelling induces the cells and any associated ECM to lift off the surface of the culture dish while maintaining cell-cell and cell-ECM connections [20] [21] [22] [23] [24] , which are crucial for proper tissue function. This is in contrast to typical methods of cell adhesion disruption that usually include treatment with digestive enzymes, such as trypsin, that destroy these important connections. While this technology has proven to be a highly effective means of engineering tissues, the resulting cell sheets lack any sort of structural organization due to a lack of organizational cues from the substrates. Methods have been developed to prepare substrates to control the spatial distribution of cells [25, 26] , but these approaches require multiple complicated steps and were designed with spatially segregating multiple cell types as opposed to defining the structural organization of the cells and matrix themselves.
Micropatterning has been widely used as a method of controlling cell morphology, spatial arrangement, and function [27, 28] by imparting various types of cell-scale guidance cues by controlling regions of adhesion [25, [29] [30] [31] , topology [32] [33] [34] [35] [36] [37] , and ''direct writing'' of scaffolds and cells [38] [39] [40] . A common method used in many of these approaches involves a set of techniques known as soft lithography [41] . Soft lithography uses a stamp or mold prepared by casting an elastomer, typically polydimethylsiloxane (PDMS), against a master containing a patterned relief structure prepared via traditional photolithography techniques. These materials can then serve as stamps that can be used to deposit molecules in precise patterns via microcontact printing in order to spatially control cell adhesion [29, 31] , as well as being used as topological cues themselves, mimicking the 3-dimensional nano-and microstructure of the native ECM [34] . A particularly attractive use for these molds is for hot embossing of thermoplastic polymers (e.g., polystyrene (PS)) in order to create substrates with topological features on the micron-and submicron-scale [32, 37, 42] . By pressing a micropatterned PDMS mold against a thin sheet of PS and heating it above the glass transition temperature of PS, it is possible to accurately and reproducibly transfer a micropattern from a PDMS mold to a PS substrate [32] . This technique provides a simple, single-step method of micropatterning substrates while maintaining chemical uniformity at the surface, which is not possible with microcontact printing, making them ideal for grafting with PIPAAm using published protocols [18] .
By combining the techniques of hot embossing and PIPAAm grafting, we have been able to generate thermoresponsive, microtextured substrates that support cell adhesion and growth. Here, we describe a simple technique for creating such substrates and examine the morphological properties of the resulting cell sheets. SMCs grown on these substrates conformed to the topology of the substrates by orienting in the direction of microtextured grooves and quickly grew to confluence over the entire surface of the substrates. The resulting cell sheets could be easily detached from the substrates by simply lowering the culture temperature and transferred to non-patterned substrates without loss of cell or ECM organization.
Materials and methods

Microtexturing
Microtextured polystyrene substrates were prepared by hot embossing thin polystyrene films with microtextured polydimethylsiloxane (PDMS) molds containing an array of parallel grooves (50 mm wide, spaced 50 mm apart, 5 mm deep). The PDMS molds were generated using conventional photolithography and soft lithography techniques as previously described [34] . Briefly, patterned silicon wafers were made by applying a layer of SU-8 3005 photoresist (MicroChem Corp., Newton, MA, USA) onto 4-inch silicon wafers using a spincoater (Active Co., Ltd., Saitama City, Japan). The wafers were exposed to UV light through a patterned photomask using a BA100 mask aligner (Nanometric Technology, Inc., Tokyo, Japan) and developed using ethyl lactate. The patterned wafers were then silanized using a solution of 2% dimethyloctadecylchlorosilane (Shin Etsu Chemical Co., Ltd., Tokyo, Japan) in toluene before curing PDMS (Silpot 184, Dow Corning, Tokyo, Japan) against the patterned wafers. Removal of the PDMS from the wafers (facilitated by the silanization treatment) yielded microtextured PDMS master molds. It should be noted that the printing process yielded photomasks with lines slightly wider than the expected 50 mm, resulting in ridges on the wafers that were slightly wider (51.4 AE 1.4 mm) than the grooves (49.0 AE 0.7 mm).
Hot embossing of the polystyrene (PS) was accomplished by pressing the microtextured PDMS master molds against a 250-mm thick PS sheet (a kind gift from Mitsubishi Chemical Co., Tokyo, Japan) using a custom-built device ( Fig. 1 ) in an oven for 5 min at 200 C. Non-microtextured control substrates were generated by using a non-microtextured PDMS mold instead of a microtextured PDMS mold. Upon removal from the oven, the device was allowed to cool for at least 5 min before removing the PS sheet from the device. The sheets were washed several times in ethanol and examined using a scanning electron microscope to verify that the pattern was properly transferred from the PDMS to the PS. The PDMS molds could be reused more than 50 times without loss or damage to the micropattern.
Polymer grafting
Microtextured and non-microtextured PS substrates were grafted with PIPAAm as described previously for TCPS dishes [43] . Briefly, IPAAm monomer (a kind gift from Kohjin Co. Ltd., Tokyo, Japan) was first purified by recrystallization from nhexane. A thin layer of IPAAm solution (dissolved in 2-propanol) was spread over the upper surface of PS substrates (i.e., textured surface), which were subsequently exposed to electron beam irradiation using an Area Beam Electron-Processing System (Nissin-High Voltage Co. Ltd., Kyoto, Japan), resulting in polymerization and covalent grafting onto the PS sheets. Grafted substrates were washed overnight in deionized water and subsequently dried at 45 C. Substrates grafted with solutions containing 40%, 45%, 50%, and 55% IPAAm were investigated in this study.
Scanning electron microscopy of substrate surfaces
PDMS, non-grafted microtextured PS and PIPAAm-grafted microtextured PS substrates were examined with a scanning electron microscope (VE-9800, KEYENCE Co., Osaka, Japan). Samples did not require surface treatment to enhance visualization.
Cell seeding
Grafted and un-grafted microtextured PS substrates as well as grafted and ungrafted non-microtextured PS substrates were sterilized by soaking in 70% ethanol for 1 h, transferring them to sterile culture dishes where they were allowed to dry completely, and finally exposing them to UV light in a clean bench for 30 min. To promote cell attachment, substrates were incubated overnight in fetal bovine serum at 37 C. Adult human aortic smooth muscle cells (AoSMCs) (Lonza, Basel, Switzerland) were seeded onto substrates at a concentration of 40,000 cells/cm 2 . Seeded substrates were cultured in SmGM-2 medium (Lonza) for up to two weeks postseeding. AoSMCs between passages 7 and 10 were used in this study.
Cell orientation and elongation
To investigate the orientation of the cells on both microtextured and nonmicrotextured substrates, cell nuclei were stained by incubating the cultures in standard culture medium containing Hoechst 33342 (Molecular Probes, Carlsbad, CA, USA) at a dilution of 1:1000 for 30 min. The cultures were then washed three times with PBS and immediately imaged under epifluorescence using an Eclipse TE2000-U microscope (Nikon, Tokyo, Japan) and processed with Axio Vision v4.2 (Carl Zeiss, Oberkochen, Germany). For each substrate, five images were taken at random locations. Cell orientation was assessed by measuring the angle between the long axis of the nucleus [44] and the direction of the grooves using ImageJ v1.38 (NIH, Bethesda, MD, USA). For non-microtextured substrates, this angle was arbitrarily chosen for each image.
Cytoskeletal organization was assessed by staining F-actin fibrils in the cell sheets with phalloidin. Briefly, samples were fixed with pre-warmed 4% paraformaldehyde for 15 min and then rinsed three times with phosphate buffered saline (PBS). Next, cells were permeabilized with 0.5% TritonX-100 (Sigma) for 10 min at room temperature and rinsed three times with PBS. Samples were blocked with 0.1% bovine serum albumin (BSA) solution for 1 h at 37 C and then incubated with Alexa Fluor 568 Phalloidin (Molecular Probes; 1:200 dilution) for 2 h at 37 C. Samples were rinsed three times with BSA, covered with fresh PBS, and then imaged.
Cell sheet detachment and transfer
For confirmation of the thermoresponsive nature of the substrates, the temperature of the cultures was dropped to 20 C and imaged at 5-and 45-min time points to assess cell detachment. Transfer of cell sheets from one surface to another was performed using the protocol described by Tsuda et al. [26] . Briefly, a custom-built sheet manipulator was coated with a thin layer of gelatin (1.5 mm thick) and then placed over the top of a cell sheet and incubated for 20 min at 20 C, allowing the cell sheet to detach from the culture dish and adhere to the gelatin. The manipulator was then removed from the culture dish (with the cell sheet attached), transferred to another dish, and incubated for 20 min at 20 C. Cell culture medium at 37 C was then added for 15 min in order for the cell sheet to adhere to the new substrate and the gelatin to melt. The medium (containing the gelatin) was aspirated and fresh medium was carefully added to the new culture dishes.
Results
Substrate topology
The double transfer of the micropattern (silicon wafer to PDMS to PS) should result in the micropattern on the PS sheets being the same as the one on the silicon wafers. SEM images of the substrates confirmed that the micropattern was accurately transferred from the wafer to the PDMS molds and from the PDMS to the PS sheets (Fig. 2) . The ridges were slightly wider than the grooves for the reasons noted in Section 2. The depth of the grooves was approximately 5 mm.
Cell sheet detachment
Cell sheets could be easily detached from the PIPAAm-grafted microtextured PS substrates by reducing the temperature of the cultures to 20 C (Fig. 3) . As expected, cell sheets grown on substrates that had not been grafted with PIPAAm did not detach. Substrates grafted with 40% IPAAm did not support cell sheet detachment within 45 min. In fact, these sheets, as well as the sheets on substrates without PIPAAm, did not detach after 24 h at 20 C (data not shown). Cell sheets grown on substrates made with 45% and 50% IPAAm began to detach within 5 min and could be completely removed within 45 min. Sheets grown on substrates made with 55% IPAAm began to detach within 45 min, but the sheets did not detach as intact sheets. Cells grown on sheets at this concentration occasionally exhibited clumping behavior and did not always achieve confluence (data not shown), indicating that unlike substrates grafted with 40-50% PIPAAm, substrates grafted with 55% PIPAAm did not fully support cell growth and sheet formation.
3.3. Cell orientation in cell sheets pre-and post-transfer Fig. 4 shows that cells grown on microtextured regions of the substrate oriented and elongated in the direction of the microtextured grooves, while cells on non-patterned regions did not appear to adopt any preferential orientation. This orientation was maintained following transfer of the cell sheets from PIPAAm-grafted microtextured PS substrates to normal, non-textured TCPS dishes using the gelatin manipulator technique (Fig. 5) . This result was further confirmed by assessing the cytoskeletal organization (F-actin fibrils) of the cells in the cell sheets before and after sheet transfer (Fig. 6) , which showed random organization on non-patterned substrates and highly oriented organization on microtextured substrates both before and after cell sheet transfer to TCPS substrates.
The orientation results were quantified by measuring the angle between the long axis of the nucleus and the direction of the grooves of cells grown on microtextured and non-microtextured substrates, both pre-and post-transfer (Fig. 7) . Most cells on microtextured substrates (95.7%) had orientation angles <30
(total cells measured, n ¼ 837), while cells on non-microtextured substrates had only 30.2% oriented in this direction with similar amounts oriented between 30-60 (36.5%) and 60-90 (33.3%) (n ¼ 696), indicating that these cells were randomly oriented. Following cell Fig. 1 . Polystyrene substrate microtexturing and PIPAAm grafting. Hot embossing of the PS sheets was accomplished by pressing the microtextured PDMS master molds against a polystyrene sheet between aluminum and glass plates using a custom-built device (A). This device was placed in an oven for 5 min at 200 C (B) and subsequently cooled for 5 min before removing the PS sheet from the device (C). PS substrates were grafted with PIPAAm by first applying a thin layer of IPAAm dissolved in isopropanol to the surface of the substrate and then exposing them to electron beam irradiation (D). Grafted substrates were washed overnight in deionized water and subsequently dried at 45 C. Pattern dimensions are exaggerated for illustrative purposes.
sheet transfer, there was no appreciable difference between the cell orientation angle distribution of the cell sheets before (n ¼ 837) and after (n ¼ 1032) transfer with a majority of cells having orientation angles <30 (95.7% and 93.5%, respectively), indicating that the microtextured substrate is not required to maintain cell orientation. As expected, the orientation angle distribution of cells grown on non-microtextured substrates was isotropic before (n ¼ 696) and after (n ¼ 957) sheet transfer.
Discussion
Given that the structural organization of tissues is a key factor in governing and maintaining tissue function, particularly in loadbearing and muscular tissues [1] , we would like to understand how biomaterials can be used to guide the process of recapitulating native tissue organization. Individual cells are capable of modifying their local microenvironment, but are rarely capable of organizing themselves over length scales required for tissue-level function. Achieving this high level of organization requires a template with the appropriate spatial, biological, and biophysical cues that enable the cells to organize over such length scales. To this end, we have sought to develop a simple technique for engineering tissues with defined organization by combining the well-studied concepts of cell sheet engineering and micropatterning.
Cell sheet engineering using thermoresponsive substrates is an attractive tool for the development of engineered tissues that utilizes simple building blocks (single cell sheets) to construct thick, dense tissues and forgoes the need for implantable scaffolds [17] . However, most sheets produced with this technology possess cells with random orientation and disorganized extracellular matrix. Constructing tissues with structural control at the nano-and microscale requires biomaterial substrates that contain chemical and topological features on these length scales. Other attempts at creating cell sheets with complex patterns required complicated, multistep application of surface coatings and cells [25, 26, 45] and have been limited to flat substrates. Microtexturing offers the advantage of providing a patterned substrate for cell growth with a contiguous layer of grafted PIPAAm, as opposed to patterned substrates that rely on regions of differing adhesion, allowing the cells to easily and quickly achieve full confluence in a single step. The combination of soft lithography and hot embossing employed in this study provided a simple method for producing materials patterned with feature sizes on the order of tens of microns. The data presented here are based on substrates consisting of parallel grooves 5 mm in depth and 50 mm wide, spaced 50 mm apart. The selection of this set of parameters was somewhat arbitrary as we have been able to achieve similar results with different combinations of groove width and spacing (20-80 mm; data not shown). Significantly deeper grooves have not been investigated; however, since tissues on the order of tens of microns thick are expected from cell sheet techniques, substrates with significantly deeper grooves may have an adverse effect on the resulting cell sheets. The thickness of the tissue growing on the ridges of such a substrate would be significantly thinner than the tissue in the grooves leading to an apparent weakening of the tissue in the direction perpendicular to the grooves. As the tissue will only be as strong as the thinnest region, this could potentially make such sheets more prone to tearing along the thinner ridge regions during handling. Furthermore, deeper grooves would likely lead to an increase in the time required for an intact sheet to form as the cells tend to first settle in the grooves and then grown onto the ridges. For the shallow grooves used here, this process occurs rather quickly (24-48 h), presumably because the 5 mm depth does not provide a significant barrier for the cells to overcome, something which could potentially be an issue for cells grown on deeper grooves. As long as the chosen dimensions of the pattern induce the cells to orient with respect to the pattern, organized cell sheets can be grown; however, it is not clear whether the specific choice of pattern dimensions influences the long-term development of the cell sheet.
The dependence of cell sheet detachment on PIPAAm grafting density is interesting, if not particularly surprising. It is assumed that the cell sheet adhesion is disrupted when grafted PIPAAm layer swells when the culture temperature is dropped below its lower critical solution temperature [46, 47] . For the trivial case of a nongrafted surface, no swelling occurs at the surface and, therefore, no cell detachment occurs. At lower grafting densities (40% PIPAAm), the cells readily spread and grew on the surface but did not detach when the culture temperature was lowered to 20 C. This is likely due to the fact that at lower grafting densities, most of the PIPAAm was tightly associated with the PS substrate and had limited chain mobility, which prevented the PIPAAm from swelling to the degree required to induce a disruption in adhesion [46] . At higher densities (45% and 50% PIPAAm), the swelling provided by the increased amount of grafted PIPAAm that was not tightly bound to the PS substrate was apparently sufficient to induce disruption. However, at still higher densities (55% PIPAAm), adhesion was disrupted but the cell sheets did not detach intact. In this case, it is possible that grafted PIPAAm layer did not fully support uniform cell adhesion and growth, resulting in poor cell sheet formation. It is interesting to note that these results indicate that there is an optimum range of PIPAAm grafting density for PS substrates made with the method described in this paper (45-50%) that is slightly lower than what is typically used to graft TCPS culture dishes (53-55%) [46] . Since both microtextured and non-microtextured exhibited optimal thermally-induced cell detachment in the same range of IPAAm concentration, it is unlikely that this difference is attributable to the microtexturing itself. The nature of the surface of the PS films used here may have been different than that of TCPS, potentially resulting in differences in PIPAAm grafting density and/or thickness between the two types of substrates. Given the sensitivity of thermally-induced cell detachment on the thickness of the grafted PIPAAm layer, even small differences in substrate surface chemistry could result in alterations to the functional thermoresponsive properties of the grafted substrates. Regardless of the mechanism, these results indicate that the optimum PIPAAm grafting density for cell sheet detachment must be determined whenever the substrate material is altered.
Transferring mature cell sheets from patterned substrates onto non-patterned substrates, other cell sheets, and ultimately to the tissue/organ of interest for in vivo repair/regeneration is a crucial aspect of cell sheet technology. Additionally, for the organized cells such as the ones created here, this transfer must occur while maintaining the organization of the sheets, otherwise this method of generating cell sheets will be rendered useless if the organization is lost following detachment. Cell sheets tend to contract considerably when detached from PIPAAm-grafted substrates [23, 48] , which does not present a major problem for many applications employing isotropic cell sheets; however, in some cases it is desirable for the cell sheets to be used in their non-contracted form. For this reason, a simple method of sheet transfer has been previously developed [26] . Using a gelatin-coated stamp to aid in the detachment of the cell sheets, this method has been used to transfer cell sheets from one substrate to another while maintaining the original dimensions C and observed at 5-(A-E) and 45-min (F-J) time points to assess cell detachment. Cell sheets grown on substrates without grafted PIPAAm (A, F) as well as those on 40% PIPAAm substrates (B, G) did not detach from the substrate within 45 min. Cell sheets grown on substrates made with 45% and 50% IPAAm began to detach within 5 min (C and D, respectively) and could be completely removed within 45 min (H and I, respectively). Sheets grown on substrates made with 55% IPAAm began to detach within 45 min, but did not detach as intact sheets (E, J). of the sheets for the purpose of creating multilayer tissues comprising several stacked cell sheets. This method has been effectively utilized here for the transfer of organized cell sheets to TCPS culture dishes without loss of cell organization, as evidenced by the maintenance of cell angle distribution and F-actin organization. More recently, a method to generate tubular tissues from cell sheets has been developed [49] , which is useful to the development of arterial tissue. This technique further expands the array of cell sheet manipulation techniques that may be employed in order to form more complicated, multilayered organized tissues.
While these results are promising, considerable work remains in order to fully realize the potential of this system. The unique properties of tissues are strongly dictated by the quantity, composition, and organization of the ECM. As this study only focused on the short-term development of cell sheet on these substrates, we do not yet have any insight into the accumulation and organization of the cell-secreted matrix that will inevitably occur at longer times. It will be crucial to assess how the matrix is assembled as the sheets mature and whether the templating effect of the patterned substrates is maintained for long periods in culture as the sheets grow and thicken. Sheets retain their organization upon transfer to non-patterned surfaces, but the retention of this organization after an extended period in culture (weeks) has not been assessed. However, while cell and ECM organizations are crucial to producing a tissue with anisotropic properties, they are not measures of tissue performance in and of themselves. To this end, sophisticated, highly sensitive mechanical testing techniques [50] will be required in order to assess the mechanical anisotropy (or lack thereof) of such aligned tissues. Our preliminary investigations (not shown) indicate that such organization can lead to sheets with desired mechanical anisotropy. Lastly, combining multiple cell sheets via stacking or rolling is an essential aspect of cell sheet technology as it allows for creation of larger, more complicated tissues. While this has not been demonstrated for the organized cell sheets produced in this study, there is considerable evidence in the literature that sheets can be readily stacked into a number of configurations using many different cell types [17] , including smooth muscle cells [51] , suggesting that this should not present a major challenge. Future studies with these organized sheets will focus on creating multilayer tissues with a complete analysis of their morphological, biological, and mechanical properties.
While the work presented in this study was introduced within the framework of developing a tissue engineered vascular graft, we feel that this approach can be broadly applied to a number of tissue engineering applications where cell sheet engineering would be beneficial and precise structural control of the sheets is desired. Cardiac tissue engineering for infarct repair is currently one of the most highly studied applications for cell sheet engineering [17] . The cardiac wall comprises multiple layers of highly aligned cardiac muscle, which allows for enhanced cell-cell interactions and greatly improves contraction efficiency. Producing an aligned cardiac patch that could mimic the proper structure of the native cardiac wall and provide enhanced contractile function would likely be a dramatic improvement for infarct repair. Skeletal muscle engineering would likely receive the same benefits from such an aligned construct [52] . While the parallel groove pattern is well suited for the blood vessel and muscle applications, the patterning of these substrates is not limited to such simple geometries. Heart valve tissue engineering is one such area where complicated substrate patterning could be employed to improve tissue properties [53] . The unusual shape of the heart valve and complicated matrix organization make it a challenging target for tissue engineering. However, precise control of tissue structure offered by the technique described in this study may offer the ability to produce valve-like tissues with the desired organization. These are but a few possible examples of tissue engineering applications that could benefit from this technique.
Conclusions
In this study, we have described a simple, effective method of producing cell sheets with defined organization using thermoresponsive, microtextured substrates. The microtexturing provided guidance cues that allowed for the precise control of cellular organization, while the PIPAAm-coating facilitated harvest of intact cell sheets by means of a change in culture temperature. Furthermore, the patterned cell sheets retained their organization upon removal from the microtextured substrates, indicating that the microtexturing was not required to maintain the organization of the sheets. While only parallel groove patterns were investigated in this study, patterns are not limited to such simple geometries and can be as intricate as photolithographic techniques allow. We feel that this approach can be broadly applied to a number of tissue engineering applications where cell sheet engineering would be beneficial and precise structural control of the sheets is desired. For each individual substrate, five images were taken at random locations under epifluorescence and the cell orientation was measured by finding the angle between the long axis of the nuclei and the direction of the grooves. An angle of 0 indicated parallel orientation to the grooves, while an angle of 90 indicates a perpendicular orientation to the grooves. For non-microtextured substrates, the angle was arbitrarily chosen for each image. Cells grown on non-microtextured substrates (white bars) showed random distribution of cell orientation angles (no preferential orientation), while cells grown on microtextured substrates (black bars) showed a strong orientation response in the direction of the grooves. For both microtextured and non-microtextured substrates, the distribution of cell orientation angles did not change appreciably following transfer via the gelatin manipulator method (gray and hatched bars, respectively).
